Various forms of status spongiosus occur in neonatal cattle, the best characterized of which is due to mutations of the branched-chain alpha-keto acid dehydrogenase complex (BCKD), resulting in bovine maple syrup urine disease (MSUD, branched-chain ketoaciduria). A distinctive neurological syndrome was identified between 1998 and 2003 in 9 calves in a 250-cow stabilized Gelbvieh-Red Angus herd. Both sexes were affected (6 heifers, 3 bulls), with a low annual incidence were born full-term, unable to stand, and had constant whole-body tremors when stimulated. Animals remained in lateral recumbency until death or euthanasia; the longest survival time was 10 days postpartum. The principal histological change in 2 affected calves was diffuse, moderately severe bilaterally symmetrical status spongiosus with Alzheimer type II cells throughout the white matter of the brain. Myelin deficits were not evident and vacuoles were due to cleaved myelin sheaths. Neither recognized mutation of MSUD was identified in the E1a subunit of BCKD in 2 affected calves, 8 dams that gave birth to affected calves, a grand-dam of 3 affected calves, or a sire of 1 calf. Amino acid analysis of serum from 1 affected calf revealed normal concentrations of branched-chain amino acids, indicating that this disease is distinct from MSUD. The genetic and biochemical basis for the disorder, provisionally named congenital status spongiosus of Gelbvieh-cross cattle, is undetermined. The pattern of inheritance was not established.
Introduction
Status spongiosus is the term used to describe a microvacuolar, sieve-like change in neural tissue that is detectable by light microscopic examination. 19, 20, 36 The anatomical basis may be swelling of myelin sheaths, of cytoplasm of astrocytes and/or oligodentrocytes, or of processes in neuropil. 15 Status spongiosus may occur as a result of metabolic disorders in animals and humans or due to specific intoxications or infections. 16, 36, 39, 41 The best characterized form of status spongiosus in perinatal cattle is maple syrup urine disease (MSUD), an autosomal recessive disorder due to mutations in 1 of the genes coding for the branchedchain alpha-keto acid dehydrogenase (BCKD) complex. 12, 42 The term maple syrup urine disease was coined because of a characteristic smell of patients' urine caused by a metabolite of branched chain amino acids. 31, 34, 38 Two mutations affecting the BCKD genes in bovine MSUD have been identified, and both can be detected by standard genotyping procedures. [21] [22] [23] 42 From the Departments of Veterinary Sciences (O'Toole, Montgomery) and Animal Science (Russell), University of Wyoming, Laramie, WY 82070; Chadron Veterinary Clinic, Chadron, Nebraska (Steadman); Regional Veterinary Laboratory, Elizabeth Macarthur Agricultural Institute, Camden, New South Wales 2570, Australia (O'Rourke, Dennis) .
Corresponding Author: D. O'Toole, Department of Veterinary Sciences, 1174 Snowy Range Road, Laramie, WY 82070. Similar mutations occur in children. 8, 43 MSUD has been reported in polled Hereford, Hereford, and Hereford cross-bred calves in Australia and in Hereford calves in Canada. 3, 18, 20, 24 MSUD is likely to represent a subset of the hereditary neuraxial edema disease complex in Hereford calves originally described by Cordy et al., 10 and so MSUD probably occurred in the United States.
Calves with MSUD develop clinical signs several hours to a couple of days after birth. 19 MSUD calves become dull, recumbent, and exhibit opisthotonos, with some developing convulsions in the terminal stages of the disease. Status spongiosus is present predominantly in white matter of the brain due to intramyelinic edema and splitting of lamellae. 20 Laboratory confirmation of MSUD in cattle is based on detecting homozygous mutations in BCKD and/or elevated concentrations of branched chain amino acids and ␣-keto acids in serum, urine, and/or tissues, ideally combined with consistent clinical signs and lesions. Confusion arises when lesions of widespread intramyelinic edema alone are used to establish a diagnosis of MSUD. 13, 14 Other, less well-characterized forms of congenital or perinatal status spongiosus occur in cattle. 19, 25, 26, 33, 40 These vary in time of onset, clinical presentation and progression, presence or absence of gray matter changes, presence and severity of hypomyelination or dysmyelination, and whether spongy change is diffuse or localized.
Congenital status spongiosus was recently recognized in a stabilized herd of Gelvieh-cross cattle in Nebraska. Although morphologically indistinguishable from MSUD in Hereford cattle, preliminary studies reported here suggest that the disease is genetically and biochemically distinct.
Case report
A distinctive congenital neurological syndrome in newborn calves was recognized in a stabilized Gelbvieh-Red Angus herd in northwestern Nebraska. Nine affected calves were born between 1998 and 2003. Both sexes were affected (6 heifers, 3 bulls). There were 3 cases in 1998, no cases in 1999, 2 cases in 2000, 2 in 2001, 1 in 2002, and 1 in 2003. Calves were born full term following uneventful delivery. All had normal birth weights. According to the owner, clinical signs were present at birth. With assisted nursing, some calves survived to 10 days postpartum, but all eventually died or had to be euthanized. Dams were clinically normal. The owner uses both natural service and artificial insemination. Many affected calves shared blood lines with a sire that was 7/8 Gelbvieh and 1/8 Polled Hereford.
Materials and methods
Clinical examination and pathology. Two calves, born in 2002 (animal 1) and 2003 (animal 2) were examined clinically by a member of the team (L.S.). Animal 1 was a fullterm 34-kg 5-day-old heifer. Animal 2 was a full-term 1day-old heifer (no weight recorded). Formalin-fixed samples of brain, liver, kidney, spleen, heart, and lung were collected for histological examination following euthanasia with pentobarbital sodium. Fixed tissues were dehydrated, embedded in paraffin, sectioned on a microtome at a thickness of 5-7 m, and stained with hematoxylin and eosin (HE). Selected samples of brain were stained with Weil stain for myelin, 4 Bielschowski stain for axons, 4 dendrites, and neurofibrils, 4 and for 2 immunohistochemical markers of astrocytes (glial fibrillary acid protein [GFAP] and glutamine synthase [GS]). 32 Control tissues for GFAP and GS staining were sections of formalin-fixed brain from a neonatal calf that died of a non-CNS disease, and from a young dog that died with advanced hepatic encephalopathy. Multiple tissues, including brain from both calves, were examined following immunohistochemical staining for bovine viral diarrhea (BVD) antigen. 11 Samples of cerebellar folia, basal ganglia, and liver from animal 1 were processed for electron microscopy and examined using a Philips 410 electron microscope.
Microbiology and clinical chemistry. Routine aerobic bacterial culture was performed on cerebrospinal fluid (animal 1) and on lung, liver, and a swab from the surface of the cerebral cortex (animal 2). Attempted virus isolation was performed on multiple tissues, including samples of brain from both animals. Hematology was performed on blood from animals 1 and 2, and a limited serum chemistry profile was performed on animal 2. Cerebrospinal fluid from animal 2 was examined for total protein content and by direct cytological examination following cytospin preparation. Urinalysis was performed on a sample from animal 2.
Genotyping for MSUD mutations. DNA was extracted from 50-100 mg of spleen (animal 1) and whole (EDTA) blood (animal 2) using a commercial kit following manufacturer's instructions, a and treated by 3 phenol/chloroform extractions and sodium acetate/ethanol precipitation. Whole (EDTA) blood was collected from 8 of 9 cows that gave birth to affected calves (including the dams of animals 1 and 2), a grand dam of 3 affected calves, and the sire of animal 2. The remaining suspect carrier dam was sold and unavailable for testing, and the sire of calf 1 had died previously of traumatic reticuloperitonitis. DNA was isolated from 0.8 ml of fresh whole (EDTA) blood from each of the 10 samples according to manufacturer's instructions. b After extraction, samples were purified by 3 phenol/chloroform extractions, followed by a standard sodium acetate/ethanol precipitation at Ϫ20ЊC, collection by centrifugation, and vacuum drying. An estimated 25-50 g of DNA was present in each sample. Samples of DNA from 12 animals (affected animals 1 and 2, 8 suspected carrier dams, 1 suspected carrier grand dam, and the sire of animal 2) were examined for 2 recognized mutations in BCKD. 12 Detection of branched-chain keto acids. Serum and cerebrospinal fluid from animal 1, which had been stored for 3 months at Ϫ20ЊC, and serum from a clinically healthy, 12day-old Gelbvieh ϫ Angus calf in the University of Wyoming's beef herd were examined at the Baylor Institute of Metabolic Disease for accumulation of branched-chain keto acids by gas chromatography-mass spectroscopy. d, 8 Pedigree analysis. Pedigrees were obtained from producer records and evaluated for 8 of the 9 affected animals. Extended pedigrees were evaluated using the American Gelbvieh Association online sire summary site (available to AGA members via http://www.gelbvieh.org/). Inbreeding coefficients were calculated using the inbreeding procedure of SAS. c
Results
Clinical findings. Both calves were born full term and without gross abnormalities (Table 1) . Neither was able to stand. Calves demonstrated a sleep-like state when left undisturbed. When awake and unstimulated, they could maintain sternal recumbency, but without human assistance were unable to right themselves from lateral recumbency. Slight physical stimulation produced intention tremors that subsided within 1-2 minutes. When held standing and if allowed to stop trembling, calves did not demonstrate normal proprioceptive responses to abnormal limb positioning. Spinal reflexes could not be evaluated, as manipulation induced tremors. Calves retained cutaneous sensation. Pupillary light response and menace reflexes were absent. Palpebral and corneal reflexes were normal. Nystagmus and strabismus were absent. Ophthalmoscopic examination was unremarkable. The animals showed no Pathology. Gross abnormalities were modest and consisted of mild enteritis affecting distal small intestine and cecum of calf 1, which was attributed to tube feeding for 5 days. No gross abnormalities were present in calf 2. Grossly, both brains were unremarkable.
There was normal demarcation of white matter from gray matter, hydrocephalus was absent, and there was no indication of swollen gyri (Fig. 1) . The principal microscopic change was a diffuse, bilaterally symmetrical spongy change in white matter of the brain with modest vacuolation in gray matter in selected nuclei (Figs. 2-5 ). Lesions in animal 1, which survived 5 days postpartum, were more severe than in animal 2, which was 1 day old.
The distribution of lesions was identical. Vacuoles were lenticular, optically empty spaces up to 200 m oriented with their long axis parallel to axons (Figs. 2,  3) . In silver-stain preparations, periaxonal spaces were consistent with intramyelinic edema (Fig. 6 ). Myelin stains established that spaces were invested by myelin. Spaces were uniformly negative for GFAP and GS immunoreactivity ( Figs. 7-9 ). Larger vacuoles were multilocular. Features indicating degeneration of myelin or axons, such as myelophages and axonal swelling, were absent. Spongiosus in white matter was most severe in reticular formation, medial longitudinal fasciculus, spi- nal vestibular tract, cerebellar peduncles, cerebellar white matter, optic tract, internal capsule, and cortical white matter. Vacuolation diminished at the tips of cerebellar folia and cerebral gyri (Fig. 2) . Spongiosus in gray matter was most pronounced in vestibular nuclei, periaqueductal gray matter, trochlear nucleus, intermediate and deep stratum griseum, and posterior thalamic nuclei (Fig. 4) . Spongiosus was not evident in cranial nerves, including trigeminal nerves. Intracytoplasmic neuronal vacuolation was absent. Alzheimer type II astrocytes, characterized by large, pale, watery nuclei with reduced heterochromatin, irregular nuclear envelopes, and little or no immunoreactivity for GFAP and GS, 32 were a prominent feature in areas of spongiosus and occurred in groups of up to 6 cells ( Fig. 3 and inset). Cerebral cortex was unaffected, apart from astrocytes in laminae 4-6, which had increased cytoplasmic GFAP staining, compared with the control calf. Most capillaries, arterioles, and venules were directly opposed to neuropil, with no indication of peri-vascular edema ( Fig. 9 ). Immunohistochemical staining of astrocytic endfeet around vessels was comparable with that of an unaffected neonatal calf's brain. There was no reduction in myelin in multiple sections of brain examined from either affected calf.
Microbiology and clinical chemistry. No bacteria or viruses were isolated from tissues, including brain, from the 2 affected calves. Both calves had elevated packed cell volumes and hemoglobin concentration, consistent with dehydration (Table 1) . No abnormalities were evident in hemograms. The serum chemistry on animal 2 was unremarkable apart from low serum protein due to hypoglobulinemia (2.7 g/dl; albumen 1.1 g/dl, alkaline phosphatase 165 U/liter, aspirate aminotransferase 43 U/liter, creatine kinase 752 U/liter, lactic dehydrogenase 543 U/liter, blood urea nitrogen 9.0 mg/dl, calcium 9.4 mg/dl, magnesium 2.3 mg/dl). The clinical chemistry of urine and cytology of cerebrospinal fluid from calf 2 were unremarkable. The concentration of branched-chain keto acids in serum from animal 1 and a clinically healthy calf were comparable. There was no evidence of an increased concentration of branched-chain keto acids in serum or CSF of animal 1.
Ultrastructure. Ultrastructural examination established that vacuoles were formed by empty spaces bounded by myelin and contained membranous debris (Fig. 10) . Axons were generally unaffected. The only glial abnormality was the presence of electron lucent cytoplasm in some astrocytes, which were interpreted as Alzheimer type II cells (Fig. 11) . Abnormal organelles such as mitochondria with unusual matrices or cristae were absent, although the presence of immersion fixation artifact hampered critical evaluation. Cleavage of myelin occurred at the intraperiod line, between the major dense line of myelin ( Fig. 12 ). Edema was absent around capillaries ( Fig. 13 ). There was no indication of a primary lesion involving endothelial cells or astrocytic endfeet. 28 The liver of animal 1 was normal.
Genotyping for MSUD mutations. Both calves, as well as 8 dams that gave birth to affected calves, 1 grand-dam of 3 affected calves, and a sire of calf 2 were free of the 248T and 1380T mutations of the E1␣ subunit of the branched-chain keto acid dehydrogenase gene responsible for MSUD in Herefords and Shorthorns, respectively.
Pedigree analysis. Evaluation of the extended pedigrees of 8 affected animals showed that all had multiple common relatives on both sides of the pedigree and were fairly highly related. All dams were related to 2 males in the pedigree, and 3 sires of the affected calves were related to 1 of those males. The 2 males were related to a bull used early in the establishment of the Gelbvieh breed in the United States. Inbreeding coefficients of the animals ranged from 0.9 to 25.78%. High inbreeding levels increase the probability that a recessive gene was inherited from both the sire and dam, but low inbreeding coefficients do not preclude that possibility. It was not possible to determine whether the condition is inherited as a homozygous recessive trait.
Discussion
The principal lesion in both affected calves and the presumed basis for neurological signs was status spongiosus of white and, to a lesser extent, gray matter in the brain. There was no evidence of demyelination or dysmyelination. Lesions were morphologically indistinguishable from MSUD, which was the initial diagnosis provided to the owner. As in MSUD, status spongiosus was severe, diffuse, bilaterally symmetrical, and located primarily in white matter. In both diseases, the most severe lesions occurred in cerebellar folia, cortical white matter, optic tract, and reticular formation. 3, 18 Ultrastructural changes were similar, with intramyelinic edema manifested as myelin splitting along intraperiod lines. 20 As in MSUD, hypomyelination was absent. 20 The only difference with MSUD in calves was the prominence of Alzheimer type II cells. Previous reports of bovine MSUD either did not mention such cells or-in the cases examined by Cordy that are presumed to include cases of MSUD-explicitly noted their absence. 10 Astrocytic hypertrophy is reported in children with MSUD, although astroglia were not designated Alzheimer type II cells. 8, 10 In spite of these similarities and an initial diagnosis of MSUD, the disease is not MSUD. Chemical analysis of blood and cerebrospinal fluid from an affected calf did not reveal abnormal concentrations of branched chain keto-acids, which are invariably elevated in MSUD. 3, 8, 18 Neither of the 2 recognized mutations of MSUD was identified in affected calves nor in presumed carrier dams, a grand-dam, or the sire of 1 affected calf. Clinical onset at birth and survival to 10 days are atypical of MSUD, as affected MSUD calves are born bright, alert, and active. 3, 18, 19 Several hours to days elapse before neurological signs of bovine MSUD occur.
There are reports of other, MSUD-like forms of congenital or perinatal status spongiosus in the brains of calves. Most are presumed to be inherited conditions, although this has been established for only 2. Congenital status spongiosus has been reported in neonatal Angus, Jersey, and Shorthorn cattle. 25, 26 Congenital ataxia of Jersey calves is associated with status spongiosus and reduced myelin of the cerebellum, along with the absence or reduction in size of cerebellar roof and dentate nuclei. 25 Status spongiosus with hypomyelinogenesis was seen in cross-bred Angus-Shorthorn calves, predominantly affecting cerebellum and medulla oblongata. 40 The absence of myelin deficits distinguishes the present disease from the conditions in Jersey and Angus-Shorthorn calves.
Aspartoacylase deficiency (Canavan disease; van Bogaert-Bertrand spongy degeneration) is associated with severe status spongiosus in people and the tremor rat. 1, 2, [5] [6] [7] 17, 27, 29, 30, 37 It has not been conclusively demonstrated in cattle, although congenital brain edema of Hereford cattle in New Zealand and congenital hypomyelinogenesis in Hereford cattle in the United Kingdom may be forms of aspartoacylase deficiency. 6, 13, 14, 26 The disease in people is inherited as a homozygous recessive trait and results in the accumulation of Nacetylaspartic acid in brain with disruption of myelin, formation of Alzheimer type II cells, and vacuolation of protoplasmic astrocytes. 17 There are at least 10 missense and nonsense mutations in the gene for aspartoacylase associated with the disease in Ashkenazi and in non-Jewish patients. 30 Massive excretion of N-acetylaspartic acid in urine is a biochemical marker for the disease. Testing for N-acetylaspartic acid was not performed on urine from the cases examined here, but will be done if similar cases are recognized on the property. Abnormally long mitochondria with irregular cristae and filamentous matrices in astrocytes are reported to occur in human patients. 17 Such mitochondria were absent in the brain of 1 calf examined ultrastructurally. Other reported features of aspartoacylase deficiency are demyelination, degeneration with loss of cortical neurons, and atrophy of the cerebellum. These features were absent in both calves.
Other early-onset encephalopathies associated with spongiosus in central white matter include phenylketonuria, nonketotic hyperglycinuria, homocystinurias, propionic acidemias, glutaric aciduria, and urea cycle disorders. 9, 17, 35 Morphological features of these diseases in children, in addition to status spongiosus, are multifocal myelin pallor and degeneration, microcephaly, leukomalacia, neuronal ferrugination, thromboembolism, and arterial lesions. 17 As in aspartoacylase deficiency, some or all of these changes may be secondary to the prolonged survival of affected children.
Hepatic encephalopathy can cause widespread status spongiosus, 36 but it would be unusual to see it in a neonatal animal at birth, particularly in animals with histologically normal livers. Toxic forms of intramyelinic edema also occur, 16, 41 but most of these occur postnatally, rather than at birth. There is nothing in the history to indicate that intoxication was the basis for the disease.
The history of inbreeding suggests an inherited disorder. Insufficient numbers of pedigrees were available to conclusively define the basis for inheritance. Additional biochemical testing of tissues, blood, and urine from affected calves is necessary to characterize the presumed metabolic basis of the disease, particularly to exclude aspartoacylase deficiency.
